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ABSTRACT 

An a c o u s t i c s  test of a 40 percent  scale MBB 80-105 h e l i c o p t e r  main r o t o r  
was conducted i n  the  Deutsch-Niederlandischer Windkanal (DNW). The r e sea rch  
e f f o r t ,  d i r e c t e d  by NASA Langley Research Center ,  concent ra ted  on t h e  
gene ra t ion  and r a d i a t i o n  of broadband noise  and impulsive blade-vortex 
i n t e r a c t i o n  (BVI) noise  over ranges of p e r t i n e n t  r o t o r  ope ra t iona l  envelopes.  
Both the  broadband and B V I  experimental  phases are reviewed h e r e i n ,  a long with 
h i g h l i g h t s  of major t e c h n i c a l  r e s u l t s .  For the  broadband p o r t i o n ,  a 
s i g n i f i c a n t  advancement i s  the  demonstration of the  accuracy of p r e d i c t i o n  
methods being developed f o r  broadband s e l f  n o i s e ,  due t o  boundary l a y e r  
turbulence.  Another key r e s u l t  is the  d iscovery  of r o t o r  blade-wake 
i n t e r a c t i o n  (BWI) as an important  c o n t r i b u t o r  t o  mid frequency noise .  Also 
t h e  DNW d a t a  is used t o  determine f o r  " f u l l  scale" h e l i c o p t e r s  t he  r e l a t i v e  
importance of t he  d i f f e r e n t  d i s c r e t e  and broadband no i se  sources .  For the  B V I  
t e s t  p o r t i o n ,  a unique and comprehensive d a t a  base documents the  B V I  impulsive 
noise  c h a r a c t e r  and d i r e c t i o n a l i t y  as func t ions  of r o t o r  f l i g h t  condi t ions .  
The d e t a i l e d  d i r e c t i o n a l  mapping of B V I  noise  emi t ted  from the  advancing s i d e  
as w e l l  as the r e t r e a t i n g  s i d e  of the  r o t o r  c o n s t i t u t e s  a major advancement i n  
the  understanding of t h i s  dominant d i s c r e t e  mechanism. 

INTRODUCTION 

The Acoust ics  Divis ion a t  t he  NASA Langley Research Center has an a c t i v e  
ongoing program i n  h e l i c o p t e r  sys t em noise  research .  The program is d i r e c t e d  
a t  providing the  technology base f o r  q u i e t  h e l i c o p t e r  des ign  i n  o rde r  t o  meet 
the  present  and f u t u r e  community noise  concerns and t o  guide the  development 
of no i se  c e r t i f i c a t i o n  c r i te r ia .  Program r e s u l t s  are employed i n  Langley's 
h e l i c o p t e r  no ise  p red ic t ions  sof tware (ROTONET) development and c o n t r i b u t e  t o  
the  "design f o r  noise" technology of t he  j o i n t  NASAIAmerican Hel icopter  
Socie ty  Nat ional  Ro to rc ra f t  Noise Reduction Program. 

The p resen t  p r o j e c t  grew from needs i d e n t i f i e d  i n  the  e a r l y  1980's t o  
acqui re  a benchmark high-qual i ty  ae roacous t i c  da tabase  from a l a r g e  scale 
model of a cu r ren t  h e l i c o p t e r  main ro to r .  The research  t o p i c s  of s p e c i f i c  
i n t e r e s t  were the  gene ra t ion  and r a d i a t i o n  of r o t o r  broadband noise  and rotor 
blade-vortex i n t e r a c t i o n  noise  ( B V I )  over  the ope ra t iona l  envelopes where 
these  sources  are dqminant. The benchmark database w a s  intended t o  s a t i s f y  a t  
l eas t  three major program needs: provide v e r i f i c a t i o n  of e x i s t i n g  a n a l y t i c a l  
p r e d i c t i o n  c a p a b i l i t i e s ,  guide the  development of new p r e d i c t i o n  methods, and 
d e f i n e  the  var ious  r o t o r  no ise  sources  i n  s p a t i a l  and s p e c t r a l  domains as a 
func t ion  of r o t o r  ope ra t ing  condi t ions .  These t h r e e  program needs d i r e c t l y  
suppor t  improved noise  c e r t i f i c a t i o n  c r i t e r i a  f o r  r o t a r y  wing a i r c r a f t .  

Planning f o r  t he  p r o j e c t  began i n  early 1984 dur ing  exchanges of 
t e c h n i c a l  information and v i s i t s  of r e sea rch  personnel  between Langley and the  
DFVLR. Because of common research  i n t e r e s t s ,  t he  DFVLR Technical  Acoust ics  
Div is ion  became a p a r t n e r  i n  the  B V I  no ise  r e sea rch  e f f o r t ,  as e s t a b l i s h e d  by 
a NASA/DFVLR L e t t e r  of Agreement. The DFVLR Rotary Wing Department was 
e n l i s t e d  t o  provide a 40 percent  s ca l ed  model of t he  MBB BO-105 r o t o r  and 
model test s tand  through a c o n t r a c t u a l  arrangement with NASA. S u b s t a n t i a l  
f i n a n c i a l  support  f o r  t he  p r o j e c t  was provided by the  noise  c e r t i f i c a t i o n  
group of the Federa l  Aviat ion Adminis t ra t ion s i n c e  the  t es t  o b j e c t i v e s  were 
n a t u r a l l y  complimentary t o  the  FAA's development of no ise  c e r t i f i c a t i o n  
r egu la t ions .  Addit ional  p ro fes s iona l  support  was provided by t h e  Army 



Rotorcraf t  Aerodynamics Off ice  loca t ed  a t  NASA Langley. The e x c e l l e n t  
co l l abora t ion  and support  from the  FAA, DFVLR and Army r e sea rch  groups 
permit ted pre- tes t  p repa ra t ions  t o  s t a r t  i n  mid 1985. 

This j o i n t  NASA/FAA/DFVLR r o t o r  experiment was completed i n  t h e  DNW i n  
May 1986. A high q u a l i t y ,  comprehensive da tabase  of both broadband and B V I  
no ise  da t a  was acquired.  Broadband noise  p r e d i c t i o n  c a p a b i l i t i e s  have a l r eady  
been va l ida t ed  with the  present  da tabase  i n  r e fe rence  1, and unique r e s u l t s  on 
B V I  no ise  d i r e c t i v i t y  have been repor ted  i n  re ference  2. Key r e s u l t s  of g r e a t  
re levance t o  the  noise  c e r t i f i c a t i o n  work of the  FAA inc lude  the  
i d e n t i f i c a t i o n  of a prev ious ly  unrecognized r o t o r  no ise  source ,  named 
blade-wake i n t e r a c t i o n  (BWI) no i se ,  and the  documentation of primary B V I  
r a d i a t i o n  lobes  and t h e i r  s t rong  dependence on r o t o r  f l i g h t  condi t ions .  Data 
were acquired which support  t he  DFVLR's c u r r e n t  program i n v e s t i g a t i n g  the  B V I  
i n t e r a c t i o n  phys ics ,  and w i l l  be repor ted  i n  re ference  3. 

This  r epor t  w i l l  h i g h l i g h t  some of the  major t echn ica l  r e s u l t s  of t he  
experimental  program. The two phases of t he  experiment aimed a t  broadband 
and blade-vortex i n t e r a c t i o n  noise  are reviewed s e p a r a t e l y ;  each is presented 
with a d i scuss ion  of the  background, tes t  philosophy and approach, key 
r e s u l t s ,  and c u r r e n t  a n a l y s i s  e f f o r t s .  

BROAJIBAND NOISE TEST 

Background 

In  the  absence of impulsive n o i s e ,  random o r  broadband noise  due t o  t h e  
r o t o r  b l ade ' s  i n t e r a c t i o n  wi th  t u r b u l e n t  a i r  can be the  primary source of 
r o t o r  no ise .  While t h i s  i s  g e n e r a l l y  considered t r u e ,  t he re  has been debate  
as t o  when and t o  what e x t e n t  t h i s  dominance occurs .  A s  reviewed i n  re ference  
4, r e sea rch  a t  NASA Langley and o t h e r  p l aces  have tremendously increased  our  
fundamental understanding of broadband noise  from aerodynamic s u r f a c e s  i n  
genera l .  However, t h e r e  has been a s e r i o u s  l a c k  of s u i t a b l e  exper imenta l  
r o t o r  broadband noise  da t a .  Such d a t a  is requi red  f o r  development of new 
r o t o r  broadband p r e d i c t i o n  methods, as w e l l  as the  v e r i f i c a t i o n  and ref inement  
of methods a l r eady  developed f o r  p a r t i c u l a r  r o t o r  sources  from the  fundamental 
s t u d i e s .  The DNW test e n t r y  r e p r e s e n t s  t he  f i r s t  t i m e  t h a t  broadband no i se  
from a l a r g e  dynamically sca l ed  r o t o r  mode1 has been measured s y s t e m a t i c a l l y  
under va r ious  f l i g h t  cond i t ions  i n  a wel l -cont ro l led  environment. Many of t h e  
a c o u s t i c  measurements have a l r eady  been repor ted  i n  re ference  1. The DNW 
r e s u l t s  can provide the  means t o  address  a number of r o t o r  no i se  i s s u e s  
inc luding  the  community no i se  problem f o r  the  present  and f u t u r e  commercial 
h e l i c o p t e r  f l e e t .  

T e s t  Philosophy and Approach 

An overview of t he  t e s t  set up i n  the  DNW is  shown i n  f i g u r e  1. The open 
anechoic  tunnel  conf igu ra t ion  has an 8-m wide by 6-m high nozzle  providing a 
f r e e  j e t  with a low turbulence  p o t e n t i a l  core .  The r o t o r  i s  pos i t ioned  i n  the  
flow between the  nozzle  on the  r i g h t  and the  c o l l e c t o r  on the  l e f t .  The model 
i s  a l a r g e  (40 percent  s c a l e )  dynamically and Mach number sca l ed  MBB BO-105 
main r o t o r .  The out-of -f low a c o u s t i c  i n s t rumen ta t ion  included a 
NASA-developed d i r e c t i o n a l  a r r a y  con ta in ing  12  out-of-flow microphones placed 
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above the  r o t o r  and 9 microphones placed about the  c e i l i n g ,  wal l ,  and f l o o r .  
Four f l o o r  microphones are shown i n  Figure 1. 

Test ing  was conducted over  a l a r g e  ope ra t ing  range from hover t o  
moderately high f l i g h t  speeds f o r  var ious  climb and descent  rates a t  d i f f e r e n t  
t h r u s t  s e t t i n g s .  Diagnost ic  tests inc luding  r o t o r  speed and blade geometry 
changes were made t o  b e t t e r  i s o l a t e  and s tudy  the  r o t o r  no ise  sources .  In  
parallel  t o  and i n  support  of t h i s  t es t  program, an a n a l y t i c a l  e f f o r t  was 
undertaken t o  develop a r o t o r  s e l f  noise  p red ic t ion  c a p a b i l i t y .  Self  no ise  i s  
broadband noise  due t o  r o t o r  blade boundary layer flow e f f e c t s .  The 
p r e d i c t i o n  method, which is by f a r  the  most s o p h i s t i c a t e d  and complete t o  
d a t e ,  u t i l i z e s  Langley developed s c a l i n g  laws f o r  s e l f  no i se  and the  NASA 
ROTONET program5 t o  de f ine  r o t o r  performance and t o  sum noise  con t r ibu t ions .  

Key Besulte 

An important r e s u l t  of the  test is the  d i s t i n c t i o n  t h a t  was made p o s s i b l e  
between the  noise  con t r ibu t ions  of the d i f f e r e n t  main r o t o r  no ise  sources-- 
harmonic as w e l l  as broadband. This was accomplished by s tudying  the  
c h a r a c t e r i s t i c s  and parametric dependence of a c o u s t i c  pressure  time h i s t o r i e s  
and s p e c t r a ,  a long with the  broadband s e l f  no ise  p r e d i c t i o n  comparisons. A 
newly i d e n t i f i e d  and important broadband noise  source due t o  blade-wake 
i n t e r a c t i o n  (BWI) was demonstrated. 

The p resen t  understanding of how the  d i f f e r e n t  sources  c o n t r i b u t e  t o  t h e  
t o t a l  s i g n a l  i s  i l l u s t r a t e d  i n  Figure 2 ,  which shows the  narrowband sound 
pressure  s p e c t r a  from an overhead microphone €or t h r e e  r o t o r  f l i g h t  
condi t ions .  A dual-frequency p resen ta t ion  is shown of t h a t  measured f o r  the  
model and t h a t  corresponding t o  an equiva len t  " f u l l  scale" r o t o r .  Ind ica ted  
a t  the  top  are the s p e c t r a l  regions dominated by four  noise  source types.  A t  
the  lowest frequency range is  harmonic blade loading noise .  Next i s  blade- 
vor tex  i n t e r a c t i o n  (BVI) noise  which is harmonic noise  of impulsive c h a r a c t e r  
which occurs  dur ing  h e l i c o p t e r  descent  when the r o t o r  blades encounter  the  t i p  
v o r t i c e s  of o t h e r  blades.  An i l l u s t r a t i o n  is  given i n  Figure 3 of t he  flow 
f i e l d ,  inc luding  the  t i p  v o r t i c e s ,  about the  r o t o r  b lades  which are a s soc ia t ed  
with noise  production. The spectra show t h a t  i n  going from mild descent  t o  
mild climb, B V I  disappears while the other sources generally maintain their 
l e v e l s .  The frequency range which was dominated by B V I  i s  now dominated by 
the  h igher  harmonics of the loading (HHL) noise  but a t  reduced l e v e l s  compared 
t o  B V I  no ise .  A t  s l i g h t l y  higher  f requencies ,  the  prev ious ly  mentioned broad- 
band BWI n o i s e ,  due t o  blade i n t e r a c t i o n  with turbulence i n  and about t h e  
wakes and t i p  v o r t i c e s ,  c o n t r o l s  the  spectrum. The BWI source emerges i n  t h i s  
s tudy as the  most important of broadband sources  because of i t s  mid frequency 
c h a r a c t e r  and i t s  p e r s i s t a n c e  over a l a rge  range of ope ra t ing  condi t ions .  
Broadband s e l f  no ise  dominates the  s p e c t r a  a t  h igh  f requencies .  The s e l f  
no i se  p r e d i c t i o n  curve shown f o r  the  climb case inc ludes  noise  from tu rbu len t  
boundary l a y e r s ,  vor tex  shedding from laminar boundary l a y e r s ,  and blade t i p  
flow. These blade boundary layer flows are i l l u s t r a t e d  i n  Figure 3. 

The s e l f  no ise  p r e d i c t i o n  comparisons with d a t a ,  such a s  t h a t  shown i n  
Figure 2, g r e a t l y  a i d  our understanding of r o t o r  s p e c t r a  i n  gene ra l ,  as well 
as s a t i s f y i n g  the  more s p e c i f i c  needs of p r e d i c t i o n  development and 
v e r i f i c a t i o n .  The p r e d i c t i o n s  use s c a l i n g  laws developed from previous  low 
speed non-rotat ing blade tes t s6-9  conducted a t  Langley. The s c a l i n g  laws 
were appl ied  t o  the  h e l i c o p t e r  r o t o r  by employing a performance program and a 
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quas is teady  assumption f o r  boundary l a y e r  aerodynamics. The DNW r o t o r  tes t  
matr ix  was p a r t i c u l a r l y  designed t o  v a l i d a t e  these  p red ic t ion  codes. Figure 4 
shows s p e c t r a  f o r  fou r  r o t o r  t ip-path-plane ang le ,  q p p ,  cases f o r  t he  
des ign  r o t o r  speed of 1050 rpm and ha l f  speed of 525 rpm. The r o t o r  t h r u s t  
c o e f f i c i e n t  CT and advance r a t i o  ( r a t i o  of tunnel  speed t o  r o t o r  t i p  speed) 
p were maintained cons tan t .  This means the  flow f i e l d  and l o c a l  blade 
o r i e n t a t i o n s  remained about t he  same f o r  the  two speed cases  but  a l l  v e l o c i t y  
magnitudes (and Reynolds numbers) were reduced by a f a c t o r  of two. Note t h a t  
a l l  q p p  cases shown correspond t o  climb cases  ( l a r g e  nega t ive  angles  f o r  
s t e e p e s t  climb) so the  B V I  mechanism does not con t r ibu te  t o  the  spec t r a .  The 
BWI mechanism is seen  t o  be important e s p e c i a l l y  f o r  the  small nega t ive  r o t o r  
aTpp angles .  I n  the  same f i g u r e ,  the  s e l f  no ise  p red ic t ions  are presented 
i n  a format use fu l  f o r  d i agnos t i c s .  The p red ic t ed  t o t a l  no i se ,  t h e  t o t a l  
without the  t r a i l i n g  edge b luntness  noise  c o n t r i b u t i o n ,  and the  combined 
con t r ibu t ions  of the tu rbu len t  boundary l a y e r  no ise  and t i p  noise  are shown. 
The d i f f e r e n c e  between the  l a t t e r  two r ep resen t s  t he  pred ic ted  c o n t r i b u t i o n  
from laminar boundary layer-vortex shedding noise .  

The comparisons of Figure 4 show t h a t  s e l f  noise  is w e l l  p r ed ic t ed  i n  
many r e spec t s .  For the  f u l l  speed case of Figure 4(a)  t he  agreement is very  
good, except  f o r  some ove rp red ic t ion  i n  the  mid frequency range and i n  t h e  
high f requencies  f o r  t he  t r a i l i n g  edge b luntness  source.  When the  r o t o r  speed 
is reduced by h a l f ,  as i n  Figure 4(b) ,  the  frequency ranges of t he  a c t i v e  
mechanisms are squeezed t o  lower f requencies .  With t h i s  lower speed,  no i se  
from vortex shedding due to  blade laminar boundary layers  is  seen to  increase 
s u b s t a n t i a l l y  with r e spec t  t o  the  o t h e r  mechanisms. Note the  p r e d i c t i o n s  
fo l low t h i s  behavior w e l l  and the  no i se  due t o  b lun tness  appears  w e l l  
p r ed ic t ed  a t  t h i s  lowered speed. A key gene ra l  conclusion here  is t h a t  as 
h e l i c o p t e r  r o t o r  speed is lowered, broadband no i se  i n c r e a s e s  i n  importance 
r e l a t i v e  t o  d i s c r e t e  harmonic noise .  

Figure 5 shows the  e f f e c t  of blade mod i f i ca t ions ,  used t o  diagnose t h e  
i n d i v i d u a l  s e l f  no ise  sources ,  f o r  a p a r t i c u l a r  climb cond i t ion  f o r  t he  r o t o r  
a t  ha l f  speed. The s e l f  no ise  p r e d i c t i o n s  are now shown wi th  the  i n d i v i d u a l  
c o n t r i b u t i o n s  as w e l l  as the  t o t a l .  Figure 5(a)  shows r e s u l t s  f o r  t h e  
s tandard  blade.  Figure 5(b) is the  r e s u l t  when the  s tandard  t r a i l i n g  edge 
geometry (which has a s t e p  and b lun t  edge)  i s  smoothed and b lun tness  rounded. 
The d a t a  show increased  vo r t ex  shedding noise  with the  modified t r a i l i n g  edge 
t o  b r ing  the  d a t a  i n t o  c l o s e r  agreement with p red ic t ion .  Such might be 
expected s i n c e  the  smooth flow cond i t ion  is  what was modelled i n  t h e  
p red ic t ions .  The da ta-predic t ion  comparison a l s o  shows good agreement f o r  t he  
changes i n  b luntness  noise--the t r a i l i n g  edge modi f ica t ion  produced a rounder 
and l a r g e r  bluntness .  F igures  5 (c )  and 5(d)  a r e  f o r  the  s tandard  and modified 
t r a i l i n g  edge, as above, but  t he  b lades '  boundary layers were forced  t o  be 
t u r b u l e n t ,  thus  e l imina t ing  the  vor tex  shedding noise .  For both these  cases 
the  comparisons appear reasonable .  

Scaling and Annoyance Calculations 

I n  a d d i t i o n  t o  t h e  s tudy  of t he  mechanisms and t h e i r  p r e d i c t i o n s ,  
a n a l y s i s  has been underway t o  determine the  importance of t h e  i n d i v i d u a l  
sources  t o  community impact as a func t ion  of h e l i c o p t e r  ope ra t ing  condi t ions .  
What fol lows is  a summary of t h i s  s c a l i n g  a n a l y s i s  and a r e s u l t .  

4 



The d a t a  from s e v e r a l  of the f l o o r  microphones shown i n  Figure 1 has been 
processed t o  s c a l e  the  d a t a  t o  equiva len t  " f u l l  s ca l e"  f lyove r  cases. During 
the  tunnel  t e s t i n g  a run condi t ion  was s p e c i f i e d  i n  terms of r o t o r  angle  
q p p ,  t h r u s t  c o e f f i c i e n t  CT, and the  advance r a t i o  p. Spectra  were 
measured f o r  each microphone. The s c a l i n g  process  employs a wind tunnel  
c o r r e c t i o n  a n a l y s i s  t o  determine e f f e c t i v e  f r e e - f i e l d  r o t o r  angles  q p p  and 
a f l i g h t  condi t ion  a n a l y s i s  t o  f i n d  the  equiva len t  f u l l - s c a l e  descent  rates 
f o r  the  corresponding tunnel  cases. An a c o u s t i c  s c a l i n g  a n a l y s i s  is performed 
t o  determine frequency s h i f t s  required due t o  model-to-full scale rotor s i z e  
r a t i o s  and t h a t  due t o  the  Doppler e f f e c t  f o r  the  f lyove r  cases. Spec t r a l  
amplitude changes are made t o  c o r r e c t  tunnel  shear- layer  r e f r a c t i o n  e f f e c t s  
and t o  account f o r  t he  d i f f e r e n c e s  i n  observer  d i s t a n c e s  f o r  t he  tunnel  and 
f lyove r  cases .  The equ iva len t  f lyover  s p e c t r a  are then determined from t h a t  
measured by employing those amplitude and frequency s c a l e  adjustments  (note  
the  example frequency scale i n  Figure 2) .  

A key r e s u l t  is given i n  Figure 6 showing the  A-weighted o v e r a l l  sound 
pressure  l e v e l s  (dBA) as a func t ion  of equiva len t  " f u l l  scale" f lyove r  descent  
angle  8 and r o t o r  advance r a t i o  p. This is f o r  a main r o t o r  of a MBB BO 105 
with a g ross  weight of 2000 kg (C~-0.0044). The observer  p o s i t i o n  wi th  
r e s p e c t  t o  the  r o t o r  f l i g h t  path is i l l u s t r a t e d  by the  i n s e t  of Figure 6 f o r  
two example descent  angles  of +loo and -10'. The f l i g h t  path geometry chosen 
t akes  the  r o t o r  15Om d i r e c t l y  above the  observer  f o r  a l l  angles .  For a l l  d a t a  
shown, t h i s  e f f e c t i v e  observer  p o s i t i o n  i s  a t  a d i r e c t i v i t y  angle  C of 
about 65' and a d i s t a n c e  of about 163 m from the  r o t o r  source emission 
l o c a t i o n  along the  f l i g h t  paths.  The c ross  marks i n  the  f i g u r e  are t h e  tunnel  
tes t  po in t s  and the  number t o  the  l e f t  are the corresponding dBA values .  The 
contour  l i n e s  i l l u s t r a t e  the  apparent  t r ends  i n  dBA. Regions of ope ra t ing  
condi t ions  are shaded i n d i c a t i n g  where p a r t i c u l a r  no i se  source  c o n t r i b u t i o n s  
dominated i n  the  c a l c u l a t i o n s  dBA l e v e l s .  

Figure 6 shows t h a t  B V I  and h igher  harmonic loading (HHL) no i se  dominate 
dBA f o r  the  descent  cases. In  going t o  l e v e l  f l i g h t  and mild climb the  broad- 
band source BWI becomes the  major c o n t r i b u t o r  due t o  the  demise of BVI.  A t  
h igher  climb ang les  BWI i s  reduced and s e l f  no i se  becomes the  most 
important.  Calcu la t ions  have been performed f o r  Perceived Noise Levels (PNL) 
f o r  the  cases of Figure 6 and these  show very similar t r ends  as t h a t  of t he  
dBA values .  In  a d d i t i o n ,  a d i f f e r e n t  microphone l o c a t i o n  giving o v e r f l i g h t  
angle  va lues  of about 94" has been found t o  g ive  similar results but  wi th  
a s l i g h t  i nc rease  i n  importance of broadband BWI and s e l f  no ise  sources  i n  t h e  
descent  cases .  

BLADE-VORTEX INTERACTION NOISE TEST 

Background 

Hel icopter  blade-vortex i n t e r a c t i o n  noise  (BVI) has  i n  r ecen t  yea r s  
become a problem of g r e a t  i n t e r e s t  i n  t he  h e l i c o p t e r  a c o u s t i c  r e sea rch  
community. The impulsive noise  r e s u l t i n g  from blade-vortex i n t e r a c t i o n s  i s  
t h e  r e s u l t  of the  aerodynamic i n t e r a c t i o n  of a r o t o r  blade wi th  the  t r a i l i n g  
vo r t ex  system generated by preceding b lades ,  and i s  predominantly genera ted  
dur ing  descent  or low-speed manuevers. Since the  i n t e r a c t i o n s  are h igh ly  
dependent on the  wake c h a r a c t e r i s t i c s ,  t he  i n t e n s i t y  and d i r e c t i o n  of propaga- 
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t i o n  of t h i s  phenomenon is extremely s e n s i t i v e  t o  the  r o t o r  des ign  and 
h e l i c o p t e r  ope ra t ing  condi t ions .  When B V I  does occur ,  i t  dominates the  
a c o u s t i c  s i g n a l  and is i n  the  frequency range considered the most important t o  
human sub jec t ive  response.  The B V I  no i se  source  i s  a major problem f o r  
community noise  i n  a reas  surrounding a i r p o r t s  and h e l i p o r t s .  The s t rong  
dependence of t h i s  no ise  source ,  and i t s  d i r e c t i o n a l i t y ,  on f l i g h t  ope ra t ions  
makes i t  a d i f f i c u l t  source t o  a c c u r a t e l y  quan t i fy  i n  noise  c e r t i f i c a t i o n  
methods. 

Resul t s  from previous f l i g h t  testsl0tl1 and wind tunnel  
e x p e r i m e n t ~ l ~ ' ~  have been repor ted  on the  d i r e c t i v i t y  p a t t e r n s  of t he  B V I  
s i g n a l ,  with cons iderable  c o n f l i c t  with regard t o  the  primary r a d i a t i o n  
d i r e c t i o n s .  The i s s u e  of impulsive no i se  c rea t ed  on the  r e t r e a t i n g  s i d e  of 
the  r o t o r  has  a l s o  been a c o n t r o v e r s i a l  one. To d a t e ,  a well-designed 
experiment aimed a t  documenting B V I  d i r e c t i v i t y  or the  ex i s t ence  of r e t r e a t i n g  
s i d e  B V I  had not been performed. For these  reasons ,  the  p r imary  o b j e c t i v e s  of 
the  B V I  phase of t h i s  program were t o  acqu i r e  a comprehensive d a t a  base t o  
improve the  present  knowledge of t he  d i r e c t i v i t y  p a t t e r n s  of r o t o r  B V I  
impulsive no i se ;  t he  l o c a t i o n s  on the  r o t o r  d i s k  where B V I  occurs ;  and t o  
i d e n t i f y  r e t r e a t i n g  s i d e  B V I  no ise .  Acoustic r e s u l t s  have a l r eady  been 
repor ted  i n  re ference  2 and f u r t h e r  r e s u l t s  on the l o c a t i o n s  of the  vo r t ex  
i n t e r a c t i o n s  w i l l  be presented i n  re ference  3. 

Test Philosophy and Approach 

Figure 7 p re sen t s  a photograph looking downstream of the  test set up i n  
t h e  DNW. The B V I  d i r e c t i v i t y  was inves t iga t ed  through the  use of a l a r g e  
microphone a r r a y  t r a v e r s i n g  i n  a plane under and upstream of the  ro to r .  This 
l a r g e  range of measurement l o c a t i o n s  and the  f a c i l i t y ' s  e x c e l l e n t  a c o u s t i c  
q u a l i t i e s  r e s u l t e d  i n  a high q u a l i t y  d a t a  base ,  u s e f u l  f o r  de f in ing  the  B V I  
source l o c a t i o n s  using a c o u s t i c  t r i a n g u l a t i o n  techniques3. The measurement 
of B V I  a c o u s t i c  s i g n a l s  from the r e t r e a t i n g  s i d e  of the  r o t o r  was pursued by 
pos i t i on ing  the  microphone a r r a y  under and downstream of the  r o t o r ,  i n  t h e  
prev ious ly  repor ted  optimum measurement pos i t i ons16 ,  7. 

A nominal tes t  p lan  was developed which concent ra ted  on two t h r u s t  
c o e f f i c i e n t s ,  C~=.0044 and .0030, the  forward speed range of 20 t o  40 m/sec 
(advance r a t i o  p = .09 t o  .18), f o r  a range of t ip-path-plane angles .  
The t r a v e r s i n g  microphone a r r a y  enabled measurements from 3 r o t o r  r a d i i  
upstream of the  r o t o r ,  t o  0.5 r a d i u s  downstream, i n  a h o r i z o n t a l  plane 1 
r ad ius  below the ro to r .  To determine the optimum test  condi t ions  for s t rong  
B V I  no ise  genera t ion  and the  best measurement l o c a t i o n s  f o r  the  t r a v e r s i n g  
microphone a r r a y ,  an i n i t i a l  exp lo ra to ry  approach was used, with d a t a  acquired 
on-line t o  guide t es t  mat r ix  design.  During t h i s  i n i t i a l  exp lo ra to ry  t e s t i n g ,  
a high-pass f i l t e r  was employed t o  remove the  low frequency r o t o r  loading 
noise  harmonics, t o  o b t a i n  a better measure of only the  mid-frequency B V I  
impulsive conten t  of the  s i g n a l .  An average peak-to-peak a c o u s t i c  pressure  
f o r  f o r t y  "blade passages" was c a l c u l a t e d  t o  provide a noise  metric of the  
mid-frequency B V I  impulsive conten t  of the  s i g n a l .  A more ex tens ive  tes t  
matr ix  was subsequent ly  recorded on analog tape f o r  more s o p h i s t i c a t e d  post  
processing.  Only d a t a  from the on-line ana lyses  w i l l  be presented here.  
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Key Results 

B V I  Direct ivi ty . -Several  high B V I  tes t  condi t ions  i n  the  low speed range 
of p = -09 t o  .18 were def ined  by the  i n i t i a l  exp lo ra to ry  tes t  mat r ix ,  and the  
d i r e c t i v i t y  of t he  B V I  s i g n a l  then documented by the  t r a v e r s i n g  a r r a y  
measurements. The d i r e c t i v i t y  r e s u l t s  are presented as co lo r  contours  of the  
averaged, f i l t e r e d  blade-passage peak-to-peak a c o u s t i c  ampli tudes of 72 
independent measurements i n  the  measurement plane.  The a c o u s t i c  d a t a  have 
been normalized f o r  s p h e r i c a l  spreading t o  an assumed nominal B V I  source  
l o c a t i o n  on the  advancing s ide .  The d i scuss ion  of the  v a l i d i t y  of the  f a r  
f i e l d  assumption and the  use of t h i s  assumed source l o c a t i o n  is  presented i n  
re ference  2. The circle on these  contours  represent  t he  p r o j e c t i o n  of t he  
r o t o r  d i s k  on the  h o r i z o n t a l  measurement plane.  

Figure 8 ( a )  shows the  r a d i a t i o n  d i r e c t i v i t y  p a t t e r n  a t  p = .075, 9 p p  = 
4.4 deg. The normalized peak-to-peak ampli tudes do not show much v a r i a t i o n  i n  
the  upstream region ,  a l though the re  are th ree  maximum regions  of about 30 Pa 
normalized pressure  ahead and upstream of the r e t r e a t i n g  s ide .  This i n d i c a t e s  
t h a t  the  impulsive conten t  a t  t h i s  condi t ion  is not  h ighly  d i r e c t i o n a l  and has  
moderate s t r eng th .  The real-time s i g n a l s  are indeed impulsive over the  e n t i r e  
measurement p lane ,  except  i n  the  region under the  r e t r e a t i n g  s i d e  sh i e lded  by 
t h e  fuse lage .  I n  gene ra l ,  two t o  th ree  impulses are seen per b lade ,  and these  
mul t ip l e  blade-vortex i n t e r a c t i o n s  have roughly the  same magnitude. 

The d i r e c t i v i t y  contours  f o r  h igher  v values  e x h i b i t  increased  a c o u s t i c  
ampli tudes and c l e a r l y  show a maximum a c o u s t i c  l e v e l  reg ion  under the  
advancing s i d e .  A t  1p.090 and p a r t i c u l a r l y  a t  p .116 ,  t he  impulsive con ten t  
tends  t o  one s t r o n g ,  sharp ,  p o s i t i v e  pressure  impulse2. A t  p = .138, shown 
i n  Figure 8 ( b ) ,  the  h ighes t  amplitudes (about 60 Pa normalized p res su re )  were 
measured, and the maximum l o c a t i o n  appears  t o  have moved of f  the  measurement 
plane t o  the  r i g h t .  The real-time s i g n a l s  f o r  t h i s  case t y p i c a l l y  e x h i b i t  
only one very s t rong  impulse;  o r  if more than one impulse is p resen t ,  one is  
g e n e r a l l y  much s t ronge r  than the  o the r s .  Some i n d i c a t i o n  of impulsive conten t  
is seen  a t  the  microphones upstream of the r e t r e a t i n g  s i d e ,  but the  impulses 
are less d i s t i n c t  and have lower ampli tudes than those i n  the  s t rong  advancing 
s i d e  r a d i a t i o n  lobe.  

A c lear ly  def ined  maximum region is s t i l l  observed i n  the d i r e c t i v i t y  
contours  for 11 = .146, but the h ighes t  amplitude has decreased t o  about 40 Pa 
normalized pressure .  A f u r t h e r  decrease  i n  amplitude is seen  a t  u = .170, 
shown i n  Figure 8 ( c ) ,  with a maximum region of about 25 Pa normalized 
pressure .  The maximum region seems t o  move back upstream of the  r e t r e a t i n g  
s i d e  as p i nc reases  from .138 t o  .170. A t  11 = .170, t he  i n t e r a c t i o n s  are less 
d i s t i n c t ,  the  r a d i a t i o n  p a t t e r n  i s  less focussed,  and some B V I  is seen  under 
t h e  r e t r e a t i n g  s i d e  

Re t r ea t ing  Side BV1.-Impulsive conten t  was observed a t  s e v e r a l  test 
cond i t ions  i n  the  d a t a  measured d i r e c t l y  under the  a f t  r e t r e a t i n g  quadrant of 
the r o t o r .  The source of t h i s  impulsive a c t i v i t y  is not  immediately 
obvious. Most of the  a f t  r e t r e a t i n g  quadrant is blocked by the  fuse l age  from 
rece iv ing  s i g n a l s  from t h e  a f t  advancing s i d e  of t he  r o t o r .  Acoustic 
t r i a n g u l a t i o n  was app l i ed  using the  a r r i v a l  times of these  impulses measured 
by the  fou r  microphones under the  r e t r e a t e d  s i d e ,  and e s t a b l i s h e d  t h a t  t h i s  
impulsive s i g n a l  w a s  generated on the  r e t r e a t i n g  s ide .  
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Retreating side B V I  was not measured at p = .075, and only very low 
levels were measured at 1-1 = .090. Measurements under the retreating side at 
1-1 = .116 and .138 show increasing amplitudes f o r  the retreating side B V I  
acoustic signal. Figure 9(a) presents the acoustic data measured under the 
retreating side for 1.1 = .138. The advancing side B V I  impulses are enclosed 
with boxes; the retreating side B V I  with circles. Both advancing and 
retreating side impulses can be seen in the data from directly under the model 
(microphone 5). At p = .146, the retreating side B V I  amplitudes begin to 
decrease. At p = -170, shown in Figure 9(b), the retreating side B V I ' s  have 
almost the same amplitudes as the advancing side interactions, although lower 
than the B V I  levels at p = .116 or .138. Further data exhibiting retreating 
side interactions were also found at the lower CT (.0030), with the highest 
amplitudes at p = .184. 

Although at some locations the retreating side signals appear to have 
equivalent strength as the advancing side signals, the available data cannot 
conclusively define the direction of strongest acoustic radiation. Since 
advancing side B V I  noise is known to propagate forward of the blade leading 
edge, i.e., upstream of the advancing side, it is reasonable to assume that 
the retreating side B V I  propagates downstream of the retreating side in an 
analogous manner. Thus the data measured in the present experiment, due to 
the practical constraints, are probably not in the region of strongest 
retreating side B V I  radiation, but only on the outer edge of the primary 
radiation lobe. 

Discussion 

The above results show clearly that the impulsiveness, the sharpness of 
directionality, and the direction of strongest radiation for B V I  noise are 
strong functions of the rotor flight condition. The temporal characteristics 
of the high B V I  noise conditions show that: the lower speed cases exhibit 
multiple B V I  while the higher speed typically have single B V I ;  the lowest and 
highest speed cases show a relatively omnidirectional radiation, while the 
moderate speed cases ( p  = .138 and .146) exhibit more focussed radiation 
patterns. The movement of the primary radiation lobe indicates movement of 
the interaction location or changes in the interaction geometry, primarily due 
to changes in wake patterns. 

These results have important implications regarding the operational 
regulations and noise certification of helicopters. The strong dependence of 
B V I  noise on flight condition shows that there is clearly an optimum, minimum 
noise approach path for a specific helicopter. The occurrence of highly 
directional acoustic radiation patterns at certain operating conditions 
indicates that a limited and fixed set of measurement positions may be not 
adequate for accurate quantifying a wide range of flight conditions. The 
occurrence of retreating side B V I ,  which appears to have moderate acoustic 
levels which propagates downstream and behind the aircraft, is shown to be a 
non-negligible noise source which is not presently considered in noise 
certification procedures. 

CONCLUDING REMARKS 

The rotor broadband noise results obtained are by far the most creditable 
data available and will be a primary basis for broadband rotor noise research 
for years. It is shown that by scaling the DNW data to "full scale" 
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condi t ions  t h a t  broadband noise  can be the  dominant noise  f o r  a cu r ren t  des ign  
h e l i c o p t e r  i n  l e v e l  f l i g h t  and climb. The d a t a  a l s o  r evea l  t h a t  as h e l i c o p t e r  
r o t o r  speed is lowered, broadband noise  inc reases  i n  r e l a t i v e  importance t o  
d i s c r e t e  harmonic noise .  These f a c t s  makes the  cons ide ra t ion  of broadband 
no i se  sources  e s s e n t i a l  t o  a prudent and well-balanced des ign  e f f o r t  f o r  
f u t u r e  h e l i c o t e r s .  The d iscovery  of r o t o r  blade-wake i n t e r a c t i o n  (BWI) no i se  
as an important con t r ibu t ion  i n  the  mid f requencies  provides  a key r e sea rch  
focus f o r  the  broadband noise  p r e d i c t i o n  problem. For t he  broadband s e l f  
no i se  problem, accu ra t e  p r e d i c t i o n s  appear nea r ly  a t  hand. Self  no ise  
p r e d i c t i o n  methods are t o  be r e f ined  as based on the  DNW d a t a  comparisons, and 
w i l l  be documented and i n s t a l l e d  on the  ROTONET p r e d i c t i o n  system. 

A unique and comprehensive d a t a  base has  been acquired f o r  r o t o r  
blade-vortex i n t e r a c t i o n  (BVI) no i se  which documents t h i s  d i s c r e t e  no i se  
sources '  temporal c h a r a c t e r i s t i c s  and d i r e c t i o n a l i t y  as func t ions  of r o t o r  
f l i g h t  condi t ions .  The s t rong  dependence of impulsive ampli tude,  primary 
r a d i a t i o n  lobe and the  occurrence of mul t ip le  a c o u s t i c  i n t e r a c t i o n s  on advance 
r a t i o  and t ip -pa th-p lane  is shown. Blade-vortex i n t e r a c t i o n s  c rea t ed  on the  
r e t r e a t i n g  s i d e  have been i d e n t i f i e d ,  a l though an accu ra t e  assessment of t h i s  
source ' s  d i r e c t i o n a l i t y  and importance r e l a t i v e  t o  advancing s i d e  B V I  would 
r equ i r e  more ex tens ive  s p a t i a l  measurements. Analysis of the  remainder of t he  
d a t a  base i s  underway t o  more p r e c i s e l y  de f ine  the  parametr ic  dependence of 
both the  advancing and r e t r e a t i n g  s i d e  B V I  s i g n a l s ,  and the  l o c a t i o n s  of the  
a c o u s t i c  i n t e r a c t i o n s  on the  r o t o r  d i sk .  

NASA Langley Research Center 
Hampton, VA 23665-5225 
October 1987 
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